Hybrid photovolvaic-battery-hydropower microgrids can increase electricity accessibility and availability in remote areas. In those microgrids with grid-connected and islanded modes capabilities, seamless transition between both modes is needed as well. However, the different resources with conventional constant P/Q and P/V controls coexisting in the microgrid may affect frequency stability. In this paper, a hierarchical control is proposed to perform power sharing among PV voltage source inverters (VSIs), while injecting the dispatched power to the main grid. Further, frequency stability analysis is presented based on small signal models of the hybrid PV-HP microgrid, including 2 MWp PV station, 15.2 MWh battery storage system, and 12.8 MVA hydropower plant. Simulation results of the microgrid and experimental results on a scaled-down laboratory prototype verify the effectiveness of the proposed hierarchical controller.
INTRODUCTION
OWADAYS, the electrical grid is progressing towards a more decentralized architectures and operation, thus reducing the dependency on centralized power plants. One promising decentralized power architecture is the Microgrid (MG), which usually involves different kinds of energy sources, such as wind or photovoltaic (PV) energy. Microgrids are local distribution grids including different technologies such as power electronics, distributed generation (DG), energy storage systems (ESSs), control, and communications [1] , [2] . Hybrid PV-ESS-hydropower microgrids have been deployed as a reasonable solution to address local electricity shortages, eliminate power fluctuation, while increasing reliability and availability of power supply, especially in dry seasons. Further, hybrid PVhydropower microgrids can increase the complementary use of different renewable energy sources in some remote area with abundant in solar irradiance, but with small scale hydroelectric power plants available [3] , [4] .
Microgrids in remote areas, due to the weakness of the grid, require seamless transition between grid-connected and islanded modes. At the same time, PV inverters should provide constant active and reactive powers (P/Q nodes), while hydropower present constant P and voltage (P/V node), which is hard to achieve by the conventional inverters connected to the hybrid microgrid system.
To cope with this problem, hierarchical control theory applied to microgrids can be used, thus providing functionalities defined in the different control levels [5] , [6] . This way, hierarchical control can realize power sharing performance among PV voltage source inverters (VSIs), while injecting dispatched power to grid. Deploying hierarchical control strategies on PV plant may improve the capacity of the microgrid regarding power flow control, while increasing reliability of supply electrical power to local critical loads on device level [7] .
Furthermore, inertia of hydraulic turbines and generators, decided by their dimension and weight, is an inherent property of a rotating device which could increase damping performance [8] . However, power-electronics-based microgrid may be sensitive to oscillations resulting from network disturbances due to absence of physical inertias. In addition, the multiple parameters of the hierarchical control need to be designed respecting trade-offs and bandwidth.
In view of these problems, stability analysis becomes an important issue in hybrid PV-hydro microgrids. In [9] , the transient stability analysis of a hybrid microgrid is obtained from the relationship among the rotor angle of the different sources. In addition, operational characteristics of hybrid microgrids and stability analysis are presented as well in [10] - [11] . However there is no quantitative conclusion derived in these research works.
In many previous works, stability analysis based on eigenvalues and root locus plots is often presented. For instance, in [12] However in these works, inverters only operate in islanded mode and the characteristics of the generator is not considered. In contrast, in [13] the small-signal model of a synchronous generator was considered. Nevertheless, the dynamic response of a hydroelectric power station should be taken into account, since the characteristic of the prime mover and its governor have great influence on the features of the local electrical network [14] .
In this paper, a hierarchical controller is proposed to realize the power sharing performance among PV-based VSIs, while dispatching power to the grid. Root locus analysis is presented based on state space models of the hybrid PV-battery-hydropower microgrid to analize the system stability. Simulation results are done in order to verify system frequency stability by using a demonstration platform of a hybrid microgrid consisted of a 2 MWp PV station, a 15.2 MWh battery storage system, and a 12.8 MVA hydropower station. Experimental results on a scaledown laboratory prototype verify the effectiveness of the hierarchical control.
II. CONFIGURATION OF THE HYBRID POWER SYSTEM
The model of the hybrid PV-battery-hydropower microgrid system under study oriented to the frequency stability is shown in Fig 1. The synchronous generator of the hydropower plant provides real inertia, which is differs from conventional power-electronics-based microgrid systems.
In our case, the synchronous generator works in standalone mode, which means that the main function of the hydraulic governor and excitation system is to maintain the frequency and amplitude of the microgrid when it is operating in islanded mode, i.e. disconnected from the main grid. Therefore, the hydropower system acts like a P/V node from the viewpoint of the microgrid. Since the system frequency stability is the main concern of this paper, the output voltage amplitude of hydropower plant is set to a constant and the influence of voltage fluctuations are neglected based on the assumption that excitation control loop is properly designed.
The PV plant can be self-controlled based on a hierarchical control that can be divided into three levels [5] .
• Primary control level consists of inner voltage and current control loop, virtual impedance control loop, and P and Q droop control loop. Their objectives are tracking voltage command, adjusting R/X ratio of the impedance 'seen' by the inverter, and sharing the load among VSIs by mimicking the static droop feature of a synchronous generator.
• Secondary control level includes frequency and amplitude restoration control loop and synchronization control loop. It can compensate frequency and amplitude deviations from the normal value to improve the power supply quality in standalone mode and to synchronize VSIs' voltage to grid voltage at the static transfer switch (STS).
• Tertiary control level is responsible to set the power command and control VSIs to inject dispatched power to the grid, as well as to optimize the system. Therefore, the whole PV plant of the hybrid power system can be seen as a P/Q node. The output voltages of PV system and hydropower system are boosted to 35 kV through transformers and the transmission lines between plants present high X/R ratio. Therefore, we can consider a very inductive line X, so that P and Q are dominated by the power angle (δ) and the voltage difference (U 1 -U 2 ), respectively:
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where the δ is the angle between hydropower and PV systems, X is the line impedance, P and Q are the output active and reactive power, 1 U and 2 U are the output voltages of hydropower and PV systems.
On the other hand, the frequency of the hydropower plant is mainly dominated by the hydraulic governor system and active power demanded by the grid. Therefore, the frequency stability analysis in this paper is focused on study the relationship between the power flow controller of paralleled PV-based VSIs and the governor system of the hydropower station.
III. LINEARIZED SYSTEM MODEL

A. Model of the hydraulic governor
The function of auxiliary and main servo motors is to amplify impeller driving signal from a PI controller. The impeller controls the water inflow in order to stabilize generator's frequency indirectly. The governor allows parallel operation by using P-ω droop via permanent difference coefficient R p . The control scheme of the hydraulic governor is depicted in Fig. 2 .
The differential equation of the PI and the P-ω droop controls can be expressed as:
where the Laplace operator p represents a derivative term. The auxiliary and main servo motors can be described separately as follows
Hydraulic turbine is simplified by a non-minimum phase system with a positive zero-pole at (1 / , 0) w T , which describes the water hammer phenomenon happened in a nonelastic water column, as follows:
The generator is modelled based on a kinetic equation with rotary inertia J and self-balancing coefficient K D , as following:
B. Model of the PV system
The P−ω droop controller of VSI where performed as follows:
where m p is the P−ω droop coefficient; The model of the PV system can derived as follows:
C. Model of transformation and integration
A mathematical transformation is necessary to combine the hydropower and PV system models. The transformation, which is based on represent the active power as the torque in the rotor kinetic equation, can be written as:
where base ω and g ω is the basic and real value of system angle frequency, respectively; and base VA is the total capacity of hybrid system. The model of the PV system can be integrated together with the hydropower model by means of
where e T represents the total active power load in the grid, transformed to torque by means of (11). The transformation model is shown in Fig.4 . 
IV. SYSTEM STABILITY ANALYSIS BASED ON LINEARIZED MODEL
The frequency stability of hydro-PV hybrid microgrid in this Section is analysed through root locus based on system state space models, with the parameters given in Table I . λ move towards real axis. It can be observed that the imaginary part of eigenvalues became zero, thus the two eigenvalues separate along the real axis. Fig. 5(b) shows that as i_ inv K increases, firstly modes 6 λ and 7 λ get close along real axis, and then apart in vertical direction, which means that the system is becoming more oscillatory. 
V. FREQUENCY STABILITY ANALYSIS BASED ON A HYBRID MICROGRID
In Fig. 7 parameters of tertiary controller of the PV inverter system are calculated and selected based on the abovementioned stability analysis results. In order to test the stability of the whole system, disturbances such as PV station and load connection/disconnection, or solar irradiance suddenly dropped were include, resulting in the following results. Fig. 8(a) shows the transient response of system frequency when a 2 MW load is connected the hybrid system at t=500s. After 150s of oscillation, the system frequency finally is stabilized at 49.55 Hz. Fig. 9(b) shows the transient response of system frequency when a 2 MW load is disconnected from the hybrid system at t=500s. After 200s of oscillation, the system frequency finally restored back to 50Hz. Fig. 9(a) shows the transient response of system frequency when solar irradiance suddenly dropped to 30% at t=510s. After about 150s oscillation, the system frequency finally stabilized at 49.905Hz, which means that the frequency deviation after disturbance is just 0.02% (0.01Hz). Fig. 10(b) shows the transient response of output power of one parallel PV station, when solar irradiance suddenly dropped to 30% at t=510s. Notice that the output active power of the PV station is reduced by 6.79% (67.9 kW) and the output reactive power is reduced by 2.66% (77.6 kVar) at 510s. After about 3s oscillation, the output active power is restored to the nominal value due to the discharge of the battery storage system. In order to verify the effectiveness of the hierarchical controller and its effects on hybrid power system frequency, a scale-down laboratory prototype is built according to Fig.1 . The experimental setup consists of two Danfoss 2.2 kW inverters, a dSPASE1006 control board, LCL filters, LEM sensors and two resistive loads, as shown in Fig.10 . One of the inverter is used to simulate the hydropower. The other employs the droop controller and hierarchical controller to simulate the VSI interfaced PV/battery hybrid system. The electrical setup and control system parameters are listed in Table I and II.
The time-domain model of the proposed control scheme is developed to evaluate the performances in Matlab/Simulink environment. Fig .11 shows the experimental results of the transient response of the system frequency and output active power of hydropower and PV system when the PV system is connecting to the hydropower plant. After 40 seconds, the output active power of PV system reached the reference value given by the hierarchical controller. The hydropower frequency increased due to the compensation of the PV system. Fig.12 shows the experimental results of the transient response of the system frequency and output power of hydropower and PV system when the PV system is disconnecting from the hydropower plant. The output active power of PV system is decreased in order to supply only the local load. At the same time, the output active power of hydropower is increased to 300W, which also increases the hydropower frequency drop.
Figs.13 and 14 show the experimental results of the transient response of the output active power of hydropower plant and the PV system during the hydropower-side load connection/disconnection. It can be seen that the hydropower output power increases immediately. However, the PV system output-power is almost constant, being barely affected by the hydropower-side load disturbance. 
VII. CONCLUSION
This paper proposed the use of hierarchical control to realize power sharing performance among VSIs and injecting the dispatched power to the hydroelectric power station simultaneously. In order to analyze the stability of the proposed hybrid microgrid system, state space models for both hydroelectric power and PV systems were developed. Root locus plots are also presented to help identifying the origin of each mode and to design the controller in a way to improve the system stability. Frequency stability simulation results were obtained from the demonstration hybrid microgrid under different scenarios and experimental results shown the effectiveness of the proposed approach.
